Nitrilotriacetate (NTA), a synthetic chelating agent, has been used for various radionuclide processing and decontamination procedures. NTA has been codisposed with radionuclides and heavy metals to soils and subsurface sediments (4, 27, 32) , where it can greatly increase the mobility of these metals in the environment by forming soluble complexes with them. Microbial degradation of NTA may ultimately aid in immobilizing these radionuclides. Several NTA-degrading bacteria have been isolated (2, 7, 13, 18, 23, 42 ). An NTA monooxygenase (NTA-Mo) of Chelatobacter heintzii ATCC 29600 has been identified (16) and has recently been purified and characterized (44 (47) . NTA oxidation is proposed to be catalyzed by a heterodimer of components A (cA) and B (cB), but it is unclear how these two components interact with each other or what the function of each component is (44) . In order to provide additional information on the function of cA and cB and to facilitate understanding natural attenuation or engineered bioremediation of NTA in the environment through the use of specific PCR primers or gene probes, we cloned, sequenced, and analyzed a gene cluster involved in NTA degradation. On the basis of DNA sequence and activity analysis, the two components were shown to be two separate enzymes, an monooxygenase that oxidized NTA at the expense of reduced flavin mononucleotide (FMNH 2 ) and O 2 and an NADH:flavin mononucleotide (FMN) oxidoreductase that uses NADH to reduce FMN to FMNH 2 .
(A preliminary account of this work was presented at the 1995 American Society for Microbiology General Meeting [46] , and the DNA sequence and gene organization have been published in a master's degree thesis [46] ).
MATERIALS AND METHODS
Bacterial strains and plasmids. The plasmids used or constructed in this study are listed in Table 1 . C. heintzii ATCC 29600 was obtained from the American Type Culture Collection (Rockville, Md.) and was cultured with using a mineral salt medium with NTA as the sole carbon source (42) . Escherichia coli HB101 was used as the host for pRK311, strain DH5␣ was used as the host for pBS, and strain JM105 was used as the host for pTrc99A. E. coli strains were routinely grown at 37ЊC in Luria-Bertani (LB) medium or on LB agar (37) . Tetracycline and ampicillin (Sigma, St. Louis, Mo.) were used at 25 and 100 g/ml, respectively.
Gene cloning. The two components of NTA-Mo were purified according to the method of Uetz et al. (44) , subjected to discontinuous sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (24) , and then electroblotted onto a polyvinylidene difluoride membrane (28, 31) for N-terminal amino acid sequence analysis on an ABI 470 protein sequencer at the Department of Biochemistry and Biophysics, Washington State University.
Oligonucleotides were 5Ј end labeled with 32 P by polynucleotide kinase (37) . C. heintzii ATCC 29600 genomic DNA was isolated by a combination of largescale CsCl gradient preparation and hexadecyltrimethyl ammonium bromide and phenol extraction (3, 37) . The PolarPlex Chemiluminescent Kit of Millipore (Bedford, Mass.) was used to label DNA fragment probes according to the manufacturer's instructions.
To construct a library, genomic DNA was partially digested with BamHI and size selected on a sucrose gradient (37) and the 20-kb fraction was ligated to BamHI-digested pRK311 (10) . Ligated DNA was packaged in vitro with pack-aging extracts (Stratagene, La Jolla, Calif.) and infected into E. coli HB101. Clones containing inserts were identified as white colonies on LB tetracycline plates containing 5-bromo-4-chloro-3-indolyl-␤-D-galactoside and IPTG (isopropylthio-␤-D-galactoside). The final library contained 900 clones. Colony hybridization was performed by previously reported methods (21, 26) .
DNA was manipulated by standard methods (3, 37) . Restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase, and calf intestinal alkaline phosphatase were purchased from Promega (Madison, Wis.) and used according to the manufacturer's instructions. Large-scale preparations of plasmids from E. coli were performed with the Plasmid Midi Kit of Qiagen (Chatsworth, Calif.), and smallscale preparations were carried out by the alkaline lysis method (5) . DNA restriction fragments were eluted from agarose gels by electroelution into dialysis bags (37) . Nested deletion was performed with the double-stranded Nested Deletion Kit from Pharmacia (Alameda, Calif.). Transformation of E. coli was done by high-voltage electroporation (12) .
For overexpression of cloned genes, PCR primers were designed to carry appropriate restriction sites to facilitate the cloning of PCR products into pTrc99A (Pharmacia). PCR amplification was achieved by AmpliTaq DNA Polymerase (Perkin-Elmer) as follows: 1 min at 94ЊC, 1 min at 60ЊC, and 1 min at 72ЊC for 20 cycles. The PCR products were purified by phenol-chloroform extraction and ethanol precipitation and digested with appropriate restriction enzymes. The products were ligated to pTrc99A digested with appropriate restriction enzymes. Each ligation product was transformed into competent E. coli JM105 cells (37) .
DNA sequencing and sequence analysis. Sequencing of double-stranded DNA templates was performed by a service facility at Iowa State University, using M13 forward and reverse primers and synthetic oligonucleotide primers. DNA sequences were determined by overlapping sequencing of both strands. The primary DNA sequence data was assembled and analyzed by using the sequence analysis software package of Genetics Computer Group, University of Wisconsin, Madison (20) . FASTA (20) and the Basic Local Alignment Search Tool (BLAST) network service (1) were used to search for homologous DNA and protein sequences in various databases.
Enzyme assays. For NTA oxidation, the reaction mixture contained 20 mM HEPES buffer (pH 7.6), 1 mM NTA, 10 M FMN, 175 U of reaction catalase (from bovine liver; Sigma), 1 mM MgCl 2 , and appropriate amounts of cA and cB in a total volume of 250 l. The reaction was started by adding NADH to a final concentration of 5 mM, and then the reaction mixture was incubated at room temperature. Degradation of NTA was determined by measuring the formation of glyoxylate by the phenylhydrazine-K 3 Fe(CN) 6 method (44). FMN reduction was measured in a reaction mixture containing 40 mM HEPES buffer (pH 7.8), 20 M FMN, 1 mM NADH, and 4.6 g of purified cB in a final volume of 500 l at room temperature for 10 min under anaerobic conditions. FMN reduction was monitored spectrophotometrically at 450 nm. A reaction mixture without cB was used as a control.
Nucleotide sequence accession number. The nucleotide sequence of the gene cluster encoding the NTA-Mo of C. heintzii ATCC 29600 has been assigned GenBank accession number L49438.
RESULTS
Cloning of NTA-Mo. cA and cB of NTA-Mo were purified, and their N-terminal amino acid sequences were determined to be MGANKQMNLGFLFQISGVHY and MADQIRSAT EGGDP, respectively. Based on the N-terminal amino acid sequence of cA, a set of degenerate 23-base oligonucleotides, ATGGG(G/T/C)GC(G/T/C)AA(C/T)AAGCAGATGAA, was designed and 5Ј end labeled with 32 P. This oligonucleotide set included only 18 of the 128 possible DNA sequences deduced from the amino acid sequence and was selected by choosing bases that would not destabilize a DNA helix if they were mismatched (37) . The oligonucleotide probe hybridized with a single fragment of genomic DNA digested by selected restriction enzymes: a 10-kb BamHI fragment, a 6.5-kb BglII fragment, and a 2.6-kb PstI fragment. This result indicated that the probe was specific. The probe hybridized to three colonies in the C. heintzii genomic cosmid library. One cosmid, pRK7H5, was analyzed further and found to contain BamHI, BglII, and PstI fragments identical in size to those determined by the genomic Southern blots. The 2.6-kb PstI DNA fragment was subcloned into pBS SK(Ϫ) for sequencing ( Fig. 1) , generating pYX1. Overlapping XhoI, PstI, and SacI fragments were subcloned into pBS KS(Ϫ), producing pYX2, pYX3, and pYX4 (Fig. 1) .
The nucleotide sequence of 5,245 bp of DNA contained in pYX1, pYX2, pYX3, and pYX4 was determined. The coding region for cA (nmoA) was 1,362 bp long (nucleotides 1323 to 2684). It encodes a protein of 454 amino acids with a calculated molecular mass of 50.5 kDa, very close to that determined by SDS-PAGE (44) . The deduced N-terminal amino acid sequence of cA was identical to that sequenced from purified cA. A candidate Shine-Dalgarno sequence, GGAGA, was located 7 bases upstream of the nmoA start codon. Analysis of the region upstream of nmoA revealed a 322-amino-acid open reading frame (ORF) (nucleotides 1015 to 47) transcribed in the opposite direction from nmoA (Fig. 1) . The ORF corresponding to the nmoB gene encoded cB because the deduced N-terminal amino acid sequence of nmoB was identical to that of cB determined by protein sequencing. In addition, the calculated molecular mass of the encoded protein, 34.5 kDa, was in good agreement with that of cB as determined by SDS-PAGE (44) . A candidate Shine-Dalgarno sequence, GGGAG, was located 10 bases upstream of the start codon of nmoB. Sequence analysis of genes encoding cA and cB. Computer searches with BLAST (1) and FASTA (20) revealed that the deduced amino acid sequence of nmoA was 49.2 and 35.0% identical to that of the two components, SnaA and SnaB, of pristinamycin II A (PII A ) synthase of Streptomyces pristinaespiralis (6, 41) and 40.8% identical to the deduced amino acid sequence of dszA of Rhodococcus erythropolis (8, 9, 33) . These sequences were aligned by the PILEUP program (20) , and extensive conservation throughout the entire sequences was observed (Fig. 2) . Since SnaB of PII A synthase is smaller than NmoA and SnaA, several gaps were introduced.
The deduced cB corresponding to nmoB was 31.6, 31.4, and 24% identical to NADH:FMN oxidoreductase (SnaC) of PII A synthase of S. pristinaespiralis (6), a dimerase of Streptomyces coelicolor (15) , and the small component of E. coli 4-hydroxyphenylacetate hydroxylase (34) . All these proteins contain 170 to 177 amino acid residues, whereas cB contained 322 amino acid residues. The sequences were aligned by the PILEUP program (20) . The N-terminal 190 amino acid residues showed extensive conservation within the group (Fig. 3) . The remaining sequence of cB showed no significant similarities with any known sequences.
Overexpression of nmoA and nmoB. For nmoA overexpression, DNA was amplified by using primers CAF (5Ј-CAA-CTG-TGT-TTC-GGT-ACC-CAA-ACC-3Ј) and CAR (5Ј-AGA-TGT-TGG-TAA-AGC-TTG-GCG-GCG-3Ј), located 218 bp upstream from the 5Ј end and 179 bp downstream from the 3Ј end of nmoA, respectively. Recognition sites for KpnI and HindIII were introduced into primers CAF and CAR (noted by the underlined sequences in the primers) by altering bases to facilitate cloning of the PCR products. For nmoB, DNA was amplified by using primers TF1 (5Ј-CCT-CAC-TAA-AGG-GAA-CAA-AAG-CTG-3Ј) and TF2 (5Ј-GAC-GCC-ATG-GCA-GAC-CAA-ATT-CGA-3Ј), located between the T3 promoter and the SacI site on the pYX1 construct and 6 bp upstream of nmoB, respectively. A recognition site for NcoI was introduced into primer TF2 (noted by the underlined sequence). p7H5 plasmid DNA was used to amplify nmoA, and pYX1 plasmid DNA was used to amplify nmoB. The PCR products were purified, digested, ligated to pTrc99A, and transformed into competent E. coli JM105 cells (37) . Recombinant plasmids carrying nmoA or nmoB were named pTF1 or pTF2. After induction with IPTG, JM105 harboring pTF1 produced cA and that harboring pTF2 produced cB (Fig. 4) . NTA oxidation activity was assayed by using the IPTG-induced cell extracts of pTF1 and/or pTF2. The cell extract of pTF2 did not oxidize NTA, but pTF1 extract (at a protein concentration of 60 g/ml) oxidized NTA at a very low rate, 3.25 nmol mg of protein Ϫ1 min Ϫ1 . When 60 g of pTF2 extract per ml was added to 60 g of pTF1 extract per ml in the reaction mixture, the activity was 24 times higher (56.46 nmol mg of pTF1 protein Ϫ1 min Ϫ1 ). Addition of more pTF2 cell extract did not increase the total activity. This experiment indicates that cA present in the cell extract of E. coli cells had some NTA oxidation activity, but the mixture of extracts containing cA and cB resulted in higher activity. However, purified native or recombinant cA did not oxidize NTA with NADH as reductant.
Functional analysis of cA and cB. Analysis showed significant sequence similarities between cB and an NADH:FMN oxidoreductase and between cA and an FMNH 2 -dependent monooxygenase. Purified native cB was therefore tested for its ability to reduce FMN with NADH as the reducing agent. In a reaction mixture without either NTA or cA, cB completely reduced FMN. FMN was not reduced by NADH in a control lacking cB. The results indicated that cB had the activity of an NADH:FMN oxidoreductase. Purified native cA was tested for its ability to oxidize NTA with FMNH 2 as reductant. FMNH 2 was generated by an NADH:FMN oxidoreductase of Photobacterium fischeri (Boehringer Mannheim Co., Indianapolis, Ind.) in the enzyme assay mixture containing cA but not cB. The mixture can oxidize NTA to release glyoxylate. Since the NADH:FMN oxidoreductase of P. fischeri was only 21% identical to cB (48), we suggest that its sole function was to provide cA with FMNH 2 .
Identification of two additional ORFs. Analysis of the DNA sequence downstream of nmoA identified two ORFs located on the same strand as nmoA. nmoR was 209 bases downstream of nmoA, extending from nucleotides 2893 to 3525, and could encode a protein of 210 amino acids with a calculated molecular mass of 24.4 kDa (Fig. 1) . The deduced amino acid sequence of nmoR had weak but statistically significant identity (16 to 22%) and similarity (43 to 45%) to genes encoding several regulatory proteins (22, 40) or hypothetical regulatory proteins (11, 14, 19, 38) including E. coli PdhR, a protein involved in pyruvate dehydrogenase regulation (22) . The other ORF, nmoT, was 120 bases downstream of nmoR, extending from nucleotides 3645 to 5142 (Fig. 1) . It could encode a protein of 498 amino acids with a calculated molecular mass of 57.4 kDa. The deduced amino acid sequence of nmoT had weak but statistically significant identity (25 to 27%) and similarity (45 to 50%) to genes that encode several transposases (29, 30, 35, 36) , including those from E. coli IS21 (35) and Bacillus thuringiensis IS232 (30) . nmoT may therefore be part of an insertion element.
DISCUSSION
Sequence and functional analyses confirmed that the previously reported NTA-Mo (44) is actually two separate enzymes-cB is an NADH:FMN oxidoreductase that generates FMNH 2 and cA is a monooxygenase that oxidizes Mg-NTA (47) to IDA, glyoxylate, and free Mg 2ϩ (Fig. 5) . Cell extracts containing only cA showed some NTA-Mo activity, and it is likely that flavin reductases of E. coli (39) provided a limited amount of FMNH 2 to overproduced cA. Finding that cA and cB are separable activities is also consistent with the observation that NTA oxidation is optimal at a molar ratio of cA to cB greater than 5 (44) .
NmoA has sequence similarities with DszA of R. erythropolis (33) , involved in desulfuration, but the catalytic properties of DszA have not been reported. cB also has sequence similarities with the small component (HpaC) of E. coli 4-hydroxyphenylacetate hydroxylase (34) and a dimerase of S. coelicolor (15) involved in actinohodin synthesis. The exact function of HpaC has not been biochemically characterized, but it is part of a monooxygenase that converts 4-hydroxyphenylacetate to 3,4-dihydroxyphenylacetate (34) . The dimerase has been recently purified and shown to be a NADH:FMN oxidoreductase (unpublished data, but discussed in reference 41).
Flavin-dependent monooxygenases are widespread. Most contain a single subunit, use aromatic compounds as their substrates, and have a flavin adenine dinucleotide or FMN cofactor that is reduced by their own catalytic activities with NADH or NADPH as reductant (17) . Bacterial luciferase is a different type of flavin-dependent monooxygenase as it uses FMNH 2 as its reductant and depends on a separate enzyme to reduce FMN to FMNH 2 (43) . Recently, PII A synthase (6) and sulfide/sulfoxide monooxygenase encoded by dszC (25) have been reported to catalyze similar monooxygenase reactions by using FMNH 2 as reductant. NTA-Mo is apparently a fourth protein in this group, none of which oxidizes aromatic compounds.
Computer searches also revealed another gene cluster (GenBank accession no. U39411) including three genes encoding cA (ntaA), cB (ntaB), and the hypothetical regulatory protein (ntaR) of the same C. heintzii ATCC 29600. The deduced amino acid sequences of ntaA and nmoA were essentially the same, containing five mismatches at positions 45, 53, 59, 85, and 256. The deduced amino acid sequences of ntaB and nmoB were identical from the amino terminus to amino acid residue 305. At amino acid residue 306, nmoB contained an additional G relative to ntaB, leading to proteins predicted to contain 322 and 335 amino acid residues. Since the observed difference is so close to the C terminus, which is outside the region cB shares with other oxidoreductases, it may be that the difference is real but does not affect the activity of cB. NmoR is identical to NtaR.
